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ABSTRACT: Alkaloid toxicities negatively impact livestock health
and production. To assess alkaloid occurrences, adsorbent
technologies may oﬀer eﬀective means to their extraction and
isolation from a complex feed matrix. In this study, molecularly
imprinted polymers (MIPs) were synthesized and evaluated for
their speciﬁcity of binding to various ergot alkaloids. Co-polymers
of styrene and hydroxyethyl methacrylate were synthesized in the
absence or presence of an ergotamine (ETA) template, yielding
non-imprinted polymer (NIP) and molecularly imprinted polymer
(MIP), respectively. The inﬂuence of parameters such as pH,
temperature, and initial concentration on the adsorption of ergot
alkaloids was evaluated along with their application as solid phase
extraction materials. Chemical and morphological properties were characterized. Adsorption was generally greater for MIP compared
to NIP. Cross-reactivity with related alkaloids existed due to similarities in structure and functional groups and was dependent on the
type and concentration of alkaloid and polymer type (alkaloid type × concentration × product; P < 0.05). The pH of the medium
had no inﬂuence on the binding properties of polymers toward ETA within a pH range of 2−10. Binding was independent of
temperature between 36 and 42 °C. When kinetics of adsorption were evaluated, the Langmuir isotherm had a better ﬁt (R2 > 0.95)
to adsorption equilibrium data than the Freundlich equation. The maximum amounts adsorbed (Qo) from the Langmuir model were
8.68 and 7.55 μM/g for MIP and NIP, respectively. Fourier transform infrared, scanning and tandem electron microscopy, and
Brunauer−Emmett−Teller analysis conﬁrmed a highly porous MIP structure with a greater surface area compared to NIP. Binding
characteristics evaluated with computational strategy using molecular docking experiments and in vitro in a complex media (rumen
ﬂuid) indicated a stronger ETA adsorption by the tested composition selected among other polymeric materials and aﬃnity of MIP
compared with NIP. This study suggested the possible utility of MIP as a solid phase extraction sorbent for applications in analytical
chemistry or sensing devices tailored to track ergot alkaloid incidence and the fate of those alkaloids in complex ruminal digestive
samples.

■

INTRODUCTION
Tall fescue (Lolium arundinaceum) is a cool-season perennial
grass widely used as forage in the eastern and northwestern
United States. In the context of animal production, the
popularity of tall fescue is mainly due to its ability to withstand
extreme stress conditions. Animal industries in areas
dominated by fescue have suﬀered signiﬁcant ﬁnancial losses
due to fescue toxicosis that is caused by a family of alkaloids
produced in endophyte-infected tall fescue.1 Ergot alkaloids are
secondary metabolites produced by the endophyte Epichloë
coenophiala, a symbiotic fungus of tall fescue that helps the
grass resist abiotic (e.g., extreme weather) and biotic (e.g.,
nematode) stresses.2 Ergot toxicities have been reported,
including ″fescue toxicosis″ in animals grazing endophyteinfected tall fescue3,4 and ″rye grass staggers″ in sheep
consuming Acremonium lolii infected ryegrass. Chemically,
© 2021 The Authors. Published by
American Chemical Society

ergot alkaloids consist of an ergoline ring and its amine
derivatives with two or more functional groups.5 Ergot toxicity
arises in animals because of binding of these alkaloids to α-1
and α-2 adrenergic, D2 dopaminergic, and a family of 5-HT2
serotonergic receptor sites.6−9 Toxicological eﬀects range from
weight loss in mild cases to death in most severe cases
depending on the environmental stress factors and level of
exposure to alkaloids.8−10 Toxicity symptoms become more
severe when co-occurrence of diﬀerent alkaloids is encounReceived: April 23, 2021
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phase adsorbing materials may have utility in the extraction
and cleanup of complex feed or ﬂuid matrixes.

tered. However, in most cases, ergovaline has been reported as
the most abundant11 alkaloid in endophyte-infected tall fescue
and is considered the putative cause for most cases of alkaloid
toxicity. Due to the extent of ﬁnancial loss (>$1 billion/year8)
and the dependence of animal industries on fescue, monitoring
and mitigation strategies are required to control animal
exposure to such contaminants.
Assessing contamination levels of ergot alkaloids can be
achieved through high-performance liquid chromatography−
tandem mass spectrometry (LC−MS/MS) with simultaneous
quantiﬁcation of major alkaloids as well as their epimers at low
concentrations.12 High-throughput and sensitive LC−MS/MS
methods are based on multiple reaction monitoring by
measuring both target analytes and their speciﬁc fragments
while accounting for signal suppression or enhancement due to
the matrix eﬀect by using matrix matched calibration or, when
available, stable-isotope internal standard dilutions.13,14 The
accuracy and precision of analysis can be dramatically
improved by using puriﬁcation or dilution strategies to
mitigate the impact of the sample matrix. Several sample
cleanup techniques have been adopted, including the use of
liquid−liquid extraction,15 immunoaﬃnity columns,16 ﬁltration, centrifugation, and solid phase extraction (SPE). Among
these techniques, the SPE method is gaining prominence with
the advent of new SPE materials called molecularly imprinted
polymers (MIPs)17 due to their selectivity and recovery rate
for targeted analytes.
Molecular imprinting is a technique for synthesizing
macromolecular polymers (molecularly imprinted polymers;
MIPs) with speciﬁc binding pockets and multifunctional
receptor groups that can form complexes with the targeted
molecule(s).18,19 These template-based cavities will have high
binding aﬃnities for that speciﬁc template and closely related
molecular species.20 The structural and molecular complementarity between the imprinted polymer and the targeted
template molecule governs the speciﬁcity of its molecular
recognition. This technology has been utilized in the extraction
and removal of impurities in water waste management,21 in
drug delivery,22 and in a range of biotechnological applications.
An imprinted polymer toward lysergic acid diethylamide
(LSD) that was synthesized using methacrylic acid (MAA)
functional monomers and ergometrine as a template23 showed
82% extraction recovery of LSD analogs from hair and urine
samples. Similarly, an MIP synthesized from an MAA
monomer cross-linked with ethylene glycol dimethacrylate
(EGDMA) in chloroform further imprinted with metergoline
as a template exhibited high selectivity toward the same when
compared to non-imprinted polymers (NIPs).17 However,
cross-reactivity with certain polycyclic compounds occurred
with both MIP and NIP. Most imprinting studies have used
acrylates as the functional monomer, and studies using styrenebased imprinted polymers, especially for ergot alkaloids, are
limited.
The goal of the present study was to develop an ergotamineimprinted styrene-hydroxyethyl methacrylate (HEMA)-based
MIP that can interact with diﬀerent ergot alkaloids possessing
common ergoline ring structures. This report details the
morphological and physical characteristics and template
rebinding of molecularly imprinted co-polymers using
commonly used adsorption isotherm models. This work also
aimed at identifying the nature of the molecular interactions
between the polymer and template to understand the
speciﬁcity, selectivity, and binding site properties. Such solid

■

RESULTS
Molecularly Imprinted Polymer Synthesis. This
research focused on evaluating the adsorption properties of
MIP along with their physical and morphological characterization. With the formulation used, 35 g of imprinted polymer
was synthesized. The washings accounted for a total removal of
96% of the bound ETA from the polymer matrix (1.45 g out of
1.51 g ETA bound to the polymer). The recovery of ETA with
the initial acidic methanol washes was low, and the template
removal was maximal after several washes with methanol and
acetonitrile. Quantitatively, most template removal occurred
over the ﬁve methanol washes. The remaining template bound
in the polymer (4%) suggested the immobilization of ETA in
the polymer matrix due to the strong interaction between the
template and polymer and/or to the permanent entrapment of
ETA in the polymer.
Morphological Characterization of Polymer. Nitrogen
Sorption Porosimetry. An increase in the volume of N2
adsorbed with the increase in relative pressure of nitrogen
into pores of the polymer was observed (Figure 1). A

Figure 1. Adsorption isotherms in the mesoporous systems of
styrene-based molecularly imprinted (MIP) and non-imprinted (NIP)
polymers. Adsorption excess is given in units of cm3/g adsorbate,
plotted against relative pressure.

signiﬁcant proportion of mesopores (5−8 nm pore size) was
evident in both polymers with a cumulative pore volume of 1.1
and 0.613 cm3/g for MIP and NIP, respectively (Table 1). A
comparatively large BET surface area and pore volume of MIP
Table 1. Surface Area, Pore Volume, and Pore Size of
Syrene-based Molecularly Imprinted (MIP) and Nonimprinted (NIP) Polymers Using
Brunauer−Emmett−Teller (BET) and
Barrett−Joyner−Halenda (BJH) Methods
MIP
2

431.4
BET surface area (m /g)
BJH cumulative pore volume (cm3/g)
0.5 and 300 nm diameter
1.11
1 and 300 nm diameter
0.95
BJH average pore diameter (nm)
adsorption
5.41
desorption
7.77
30261

± 11.6

NIP
213.1 ± 3.4

± 0.04
± 0.03

0.61 ± 0.03
0.54 ± 0.02

± 0.06
± 0.17

6.21 ± 0.23
7.57 ± 0.26
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Figure 2. Scanning electron (SEM) and transmission electron microscopy (TEM) images of styrene-based molecularly imprinted (MIP) and nonimprinted (NIP) polymer. (A, B) SEM of MIP and NIP. (C, D) TEM of MIP and NIP.

(431 m2/g and 0.9−1.1 cm3/g, respectively) were noticed
compared to NIP (213 m 2 /g and 0.54−0.61 cm 3 /g ,
respectively). The speciﬁc surface area and pore volume were
higher for MIP compared to NIP.
Microscopy. The SEM and TEM micrographs of MIP and
NIP in their dry form revealed non-uniform dispersions of
particles with irregular morphologies (Figure 2A,B). NIP had a
more regular structure than MIP. However, the surface of MIP
exhibited more cavities than NIP. The morphology of
polymers evaluated by TEM (Figure 2C,D) suggested that
both polymer particles were amorphous in nature.
Dynamic Light Scattering. Trimodal distributions of
particle size were observed for both polymers in water and
in 5% aqueous methanol (Figure 3). Irrespective of the media,
most particles were in the range of 5 to 90 μm with a peak in
the range of 38−57 μm. In deionized water, a slight
aggregation was noticed. This observation indicated that
polymer sizes when dispersed in adsorption media were
similar between MIP and NIP.
Adsorption Studies. Isothermal Adsorption Study.
Langmuir and Freundlich constants derived from isothermal
adsorption data are presented in Table 2. Figure 4a,b

Figure 3. Hydrodynamic particle size distribution (%) molecularly
imprinted (MIP, blue) and non-imprinted (red) polymers in water
(solid line) and in 5% methanol (dotted line) by dynamic light
scattering (DLS) measurements.

represents Langmuir and Freundlich plots, respectively, for
the adsorption of ETA to polymers. Statistically, for both
models, residuals were randomly scattered around zero, and
normal probability plots suggested that the random errors
aﬀecting the adsorption process were normally distributed.
Even though both models had good ﬁt (R2 > 0.9), the
Langmuir model provided a better ﬁt than the Freundlich
30262
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Table 2. Langmuir and Freundlich Isotherm Adsorption Parameters of Ergotamine (ETA) to Styrene-based Molecularly
Imprinted (MIP) and Non-imprinted (NIP) Polymera
Langmuir
MIP
NIP
equation

Qo (μmol/g)

KL (L/g)

8.68 ± 0.80
7.55 ± 0.61

0.37 ± 0.14
0.43 ± 0.01

qe =

Q oKLCe
1 + KLCe

Freundlich
RL

R2

Kf (μmol/g)

1/n

n

R2

0.38
0.37

0.95
0.96

2.48 ± 0.41
2.40 ± 0.39

0.31 ± 0.04
0.29 ± 0.04

3.16
3.37

0.94
0.92

RL =

1
1
1 + KLCo

qe = K f Ce1/ n

qe: amount adsorbed, μmol/g; KL: Langmuir adsorption constant; Qo: maximum amount adsorbed (μmol/g); Co: initial concentration of
adsorbate (μmol/L); Ce: equilibrium concentration of adsorbate (μmol/L); Kf: adsorption capacity factor; and 1/n: adsorption intensity or surface
heterogeneity index. Data represent mean ± standard error of the mean (n = 3).
a

Figure 4. Langmuir (a) and Freundlich (b) isothermal adsorption plot of the adsorbed concentration of ergotamine (ETA, μmol/g) to styrenebased MIP and NIP as a function of the concentration of free ETA at equilibrium. The data in the ﬁgure represent mean ± standard error (n = 3)

model, with R2 greater than 0.95. The Akaike information
criterion (AIC) used to identify the best ﬁt model indicated a
better ﬁt with the Langmuir (88−97% probability of being
correct) compared to Freundlich model (3−12% probability of
being correct). For both polymers, the absolute sum of squares
was lower with the Langmuir (9.18 and 8.62 for MIP and NIP,
respectively) compared to Freundlich model (10.68 and 11.12
for MIP and NIP, respectively).
The Langmuir isothermal adsorption constants (KL, RL, and
Qo) and the equations used to determine the constants are
presented in Table 2. The RL values in the present study were
found to be between 0.37 and 0.38 for both polymers,
indicating a favorable adsorption between ETA and the
polymer. However, there was no diﬀerence between the
polymer types. With regard to the maximum adsorption
capacity (Qo), results showed that Qo was numerically greater
for MIP (8.68 μmol/g) than for NIP (7.55 μmol/g) at pH 6.8
in 0.1 M phosphate buﬀer at 39 °C. A positive KL was noticed
for both polymers (KL > 0.37) indicating that the interactions
were spontaneous and energetically favorable.
Selectivity Study. Adsorption isotherms in the presence of
structurally related alkaloids were used to diﬀerentiate the
polymers with regard to interaction selectivity. The eﬀect of
imprinting on the selectivity of diﬀerent ergot alkaloids is
shown in Figure 5. The adsorption coeﬃcient, selectivity
coeﬃcient, and imprinting selectivity data for binding
selectivity of polymers toward ergot alkaloids are shown in
Table 3. MIP exhibited numerically higher adsorption levels to
ETA compared to NIP, and both polymers exhibited similar
adsorption to 2-bromo-alpha-ergocryptine (BC). Both poly-

Figure 5. Isothermal competitive adsorption plot using a one-site
total binding model for ETA, BC, ME, and LY on the MIP (solid line)
and NIP (dotted line) polymer at an inclusion rate of 0.1 mg/mL in
the ammonium citrate buﬀer of pH 6.7. The data in the ﬁgure
represent mean ± standard error of the mean (n = 3).

mers had lower aﬃnities toward methylergonovine (ME) and
lysergol (LY). There was signiﬁcant interaction (P < 0.001)
between the product and the alkaloid types with respect to
adsorption coeﬃcients. There was comparatively greater
adsorption of ME and LY for MIP (lower k′ values) compared
to NIP (k′ values of 25 and 50). There was no diﬀerence (P =
0.24) between the polymers when alkaloids were grouped as
30263
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Table 3. Adsorption Coeﬃcient (k), Selectivity Coeﬃcient (k′), and Eﬀect of Imprinting (k″) of Styrene-based Molecularly
Imprinted (MIP) and Non-imprinted (NIP) Polymers for Diﬀerent Ergota
MIP
k

alkaloids
ergotamine
methylergonovine
2-bromo-α-ergocryptine
lysergol

0.924
0.122
0.755
0.041

±
±
±
±

NIP
k′

0.017a
0.006a
0.006a
0.003a

k

7.590 ± 0.403
1.223 ± 0.010
22.763 ± 0.192

0.910
0.037
0.750
0.018

±
±
±
±

0.005a
0.003b
0.011a
0.001a

imprinting eﬀect
k′

k″

24.97 ± 1.882
1.213 ± 0.018
50.063 ± 1.360

0.308 ± 0.025
1.009 ± 0.015
0.455 ± 0.012

Data represent the mean aﬃnity value ± standard error of mean (n = 3). k: adsorption coeﬃcient; k′: selectivity coeﬃcient; k″: eﬀect of
imprinting on selectivity. Coeﬃcient values with diﬀerent superscripts diﬀer (P < 0.01) between MIP and NIP within a given alkaloid. Polymer type
x alkaloid type interacted (P < 0.01)

a

Figure 6. (a) Cross reactivity of ten diﬀerent mycotoxins toward MIP and NIP (mean ± SEM; n = 3). (b) Adsorption comparison of three groups
of mycotoxins based on structure and pKa (mean ± SEM; n = 21); diﬀerent letters indicate signiﬁcant diﬀerences in adsorption treatment means
(ANOVA: P < 0.05). c) Structure of diﬀerent mycotoxins grouped based on structure and pKa. Adsorption study was conducted in 0.01 M
ammonium citrate buﬀer media of pH 6.7.

ergopeptines and ergolines (ergopeptines: ETA and BC;
ergolines: ME and LY). In reference to the selectivity
coeﬃcient (k′), a lower k′ value indicates better selectivity of
polymer toward rebinding of structurally similar compounds.
Comparing k′ values between polymers, it was evident that

MIP bound structurally related compounds to a greater degree
compared to NIP. The k″ is intended to evaluate the
imprinting eﬀect, where higher coeﬃcients indicated greater
selectivity toward the template. The k″ values were not
diﬀerent from 1 for BC and <1 (Table 3) with respect to the
30264
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Figure 7. Eﬀect of pH (a) and temperature (b) on the adsorption of ergotamine (ETA, 1 mg/L initial conc.) by molecularly imprinted (MIP) and
non-imprinted (NIP) polymers (0.1 mg/mL of polymer inclusion) in 10 mL of the phosphate buﬀer (0.1 M, pH 6.8). The data in the ﬁgure
represent mean ± SEM (n = 3).

Figure 8. (a) HPLC peaks of samples spiked with ergotamine (ETA, 3.3 mg/L) in rumen ﬂuid dosed with ﬁve levels of styrene-based molecularly
imprinted (MIP) polymer. (b) Adsorption eﬃciency of ETA (3.3 mg/L) with increasing levels of molecularly imprinted (MIP) and non-imprinted
(NIP) polymers in rumen ﬂuid. The data represent mean ±SEM (n = 3). Means with diﬀerent letters within the inclusion level diﬀer signiﬁcantly
(P < 0.05).

binding of ME and LY, providing no evidence for imprinting
eﬀects.
Cross-Reactivity Experiment. Cross-reactivity was evaluated
from the adsorption properties of MIP and NIP to frequently
occurring mycotoxins (Figure 6). Diﬀerent mycotoxins with
diﬀerent functional groups (carboxylic acid and amines), pKa’s
(acidic, neutral and basic), and solubilities were selected. Both
polymers exhibited nonspeciﬁc adsorption to diﬀerent toxins
(Figure 6a) to diﬀerent degrees, and there was no diﬀerence in
the mean adsorption between MIP and NIP for any of the
mycotoxins. Toxins were grouped according to their structural
conformation and functional groups (Figure 6c): the group of
toxins with low solubility in water and having basic pKa’s
(zearalenone (ZEA), roquefortine C (ROQC), and sterigmatocystin (STG)), the second group that is more hydrophilic in
nature with low pKa’s (deoxynivalenol (DON), fusaric acid
(FA), and ochratoxin A (OTA)), and the third group that has
a tendency to dissolve in water (cyclopiazonic acid (CPA) and
Diacetoxyscirpenol (DAS)). The ﬁrst group of mycotoxins
exhibited more than 80% adsorption, while the second group

exhibited a low degree of interaction with the polymers. The
last group of toxins demonstrated an intermediate degree of
adsorption to polymers. The adsorption was signiﬁcantly
diﬀerent between the three groups of toxins (P < 0.001)
(Figure 6b); however, there was no diﬀerence between the
polymers in adsorbing any of these toxins (P = 0.462).
Eﬀect of pH and Temperature. The eﬀect of pH on the
adsorption of ETA to both polymers is shown in Figure 7a.
The ETA adsorption ranged between 96 and 99%, and there
was no diﬀerence across the pH range tested (P = 0.24) or
between polymers (P = 0.18). Figure 7b shows the adsorption
of ETA when 1 mg of polymer was combined with an initial
concentration of 1 mg/L of ETA in 0.01 M phosphate buﬀer at
pH 6.8 at three diﬀerent temperatures (36, 39, and 42 °C).
Even though the data for both polymers indicated that
adsorption was reduced by nearly 10% when the temperature
was 39 °C, the decrease was not statistically signiﬁcant (P >
0.11) and there was no diﬀerence (P = 0.64) between the
polymer types for each temperature tested. There were no pH
× polymer interaction (P = 0.64), no temperature × polymer
30265
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Figure 9. FTIR spectra of (a) comparison between the imprinted (MIP) and non-imprinted (NIP) polymers and (b) between MIP and the
[ETA−MIP] complex recorded in the frequency range 4000−650 cm−1.

Figure 9b represents FTIR spectra of MIP before and after
exposure to ETA in 0.1 mol/L phosphate buﬀer at pH 6.8. The
[MIP + ETA] complex was washed with deionized water to
remove free ETA and later freeze-dried before analysis. The
[MIP + ETA] complex showed all characteristic bands to that
of the MIP polymer; however, there were changes in the bands’
intensity at 3400 cm−1 (red), between 2950 and 2970 cm−1
(orange), at 1350 cm−1 (yellow), and at 1260 cm−1 (green)
due to the stretching in the hydrogen bond (O−H, C−H, or
the N−H), presence of ring structures, change in CC
stretching, and change in single bond stretch (C−N and C−
O), respectively.
Molecular Mechanics Docking Prediction between
the Polymer and Template and Comparison with Other
Commonly Used Monomeric Types Used in MIP
Production. A screening was performed comparing the
docking aﬃnity of 29 diﬀerent monomers comprising styrene
and HEMA used in the herein study to other commonly used
monomers in the production of MIP/NIP24 by means of in
silico computational techniques. Noncharged ETA and the
protonated form of ETA (ETA+) bearing a positive charge on
the aromatic nitrogen of the ergoline moiety were evaluated as
ligands. The uncharged ETA was evaluated as the major
species up to pH 7.8, with ETA-NH+ being represented
between 1 and 60% between pH 6 and 8 and further becoming
the major species when reaching pH 9.7. Table 4 reports the
best aﬃnity based on the lowest attainable docking energy
(kcal/mol) and overall average aﬃnity out of the nine best
positions for the diﬀerent tested monomers. Aromatic-based,
such as vinyl-benzenes, vinyl-benzoic acid, ethoxy-hydroxy
mandelic acid, and styrene, monomers exhibited the highest
aﬃnity (>−4.6 kcal/mol) to ETA and ETA+; most of the
methacrylate-based monomers had lesser aﬃnities (−1.2 to
−3.5 kcal/mol) or could be aﬀected by the charge of ETA,
which demonstrated the importance of the ETA heterocycle in
establishing the interaction and multiple π−π static eﬀects
associated with the docking to benzene rings. The aﬃnity of
methacrylate-based monomers was even lessened for ETA+
(i.e., methylmethacrylate, aﬃnity of −5.1 vs −1.8 kcal/mol for
ETA and ETA+, respectively), further making monomers
carrying benzene ring, the composition of choice for
interacting with the investigated ergot alkaloid. The evaluation
of the docking aﬃnity between polymeric chains of 10
monomeric unit length was carried out and showed that,
again, polystyrene had the highest aﬃnity (−8.6 kcal/mol)
compared to polyacrylate polymers independently from the

interaction (P = 0.78), no diﬀerence between the polymer
types (P > 0.18) or between the mean temperatures (P >
0.11), and no eﬀect of pH on adsorption (P = 0.24).
Adsorption of ETA from the Complex Solution. The
adsorption eﬃciency of diﬀerent inclusion levels of MIP for
ETA in comparison to control (NIP) was determined in
ruminal ﬂuid collected from the foregut of the ruminant
animal. Comparative chromatograms from samples spiked with
3.3 mg/L ETA in rumen ﬂuid that were dosed with increasing
levels of MIP are shown in Figure 8a. With the increasing dose
of polymer in rumen ﬂuid, the peak area of ETA decreased.
Maximum adsorption was noticed at 0.01% w/v (100 mg/L)
with maximum eﬃciency of 97% for MIP and 85% for NIP
(Figure 8b). There was minimal increase in adsorption with
further increase of polymer inclusion rates, indicating an
optimum (reaching 97%) at 0.01% w/v of the polymer for the
adsorption of 3.3 mg/L of ETA from rumen ﬂuid. However, at
similar inclusion rates, NIP exhibited signiﬁcantly (P < 0.01)
lower adsorption. There was no interaction (P = 0.23) between
the inclusion rate and polymer type, and the mean adsorption
of the NIP was almost 10 percentage points lower than that of
MIP.
Fourier Transform Infrared (FTIR). Spectrum comparison between MIP and NIP (Figure 9a) and between MIP and
the [MIP + ETA] complex (Figure 9b) over the frequency
range of 4000−650 cm−1 was conducted to diﬀerentiate the
polymers and functional groups involved in interaction with
the template, respectively. Absorption peaks for CC, typical
for the ring structure of styrene, were observed at 1600, 1494,
and 1449 cm−1, and the presence of sp2 hybridization in the
styrene ring system was evident from the absorption spectrum
below 3000 cm−1. A broad absorption band for the hydroxyl
group of HEMA was found at 3430 cm−1.
Both polymers had similar IR spectra indicating expected
similarity in the functional groups present (Figure 9a),
suggesting the preservation of these same functional groups
after the solvent-based removal of the template from the MIP.
The results also indicated minimum covalent bonds between
the template and the polymer. The CO band at 1729 cm−1
from NIP was of similar intensity compared to MIP, showing a
similar backbone structure. Some of the characteristic bands of
both polymers included −CH3 (asymmetry) at 2955 cm−1,
carbonyl stretch (−CO) at 1724 cm−1, −C−C− at 1635−
1670 cm−1, −CH3 (symmetry) at 1450 cm−1, −C−O or −C−
O−C− stretch at 1250 cm−1, and C−H vibrations at 756 and
1388 cm−1.
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Table 4. Interaction Aﬃnity of Ergotamine (Unprotonated (ETA) and Singly Protonated (ETA+) States) to Monomers,
Polymer Chains (10 U), and Large Polymeric Material Used in the Production of Imprinted Polymers Compared to the
Formulation Used in This Study by Means of Molecular Mechanics
docking aﬃnity (kcal/mol)a
ETA
monomer unit
ethoxyhydroxymandelic acid
1-2-vinyl benzene
4-vinyl benzoic acid
methylmethacrylate
triﬂuoromethylacrylic acid
1-3-vinyl benzene
methylhydroxymethacrylate
1-4-vinyl benzene
styrene
dimethylacrylamide
4-vinyl pyridine
2-vinyl pyridine
pentaerythrityl triacrylate
trimethylolpropane trimethacrylate
2-acrylamido-2-methyl-1-propane sulfonic acid
ethylene glycol dimethacrylate
hydroxyethyl methacrylate
propyl acrylate
dimethylaminoethyl methacrylate
methylmethacrylate
vinyl pyrrolidone
methacrylamide
methyl acrylate
acrylic acid
1-vinyl imidazole
acrylamide
propylene
vinyl alcohol
vinyl ﬂuoride
polymer chain
MIP polymer: styrene-methylmethacrylate, 100 Åc
NIP polymer: styrene-methylmethacrylate, 100 Åd
MIP/NIP Chain, 10 U (Units)
polystyrene (atactic), 10 U
polypropyl acrylate (atactic), 10 U
polystyrene (syndio), 10 U
polymethyl methacrylate (atactic), 10 U
polymethyl methacrylate (syndio)
polymethylacrylate (atactic), 10 U
polyvinyl pyrrolidone (atactic), 10 U
polyhydroxyethyl methacrylate (atactic), 10 U
polypropylene (atactic), 10 U
polymethylmethacrylate (isotactic), 10 U
polyacrylic acid (atactic), 10 U
polyvinyl ﬂuoride (atactic), 10 U
polyvinyl alcohol (atactic), 10 U
polyamide (atactic), 10 U

abbr.
EHMA
VB
VBA
MMA
TFMAA
VB
MHMA
VB
STY
DMA
VP
VP
PETA
TMPTMA
AMPSA
EGDMA
HEMA
PA
DMAEM
MMA
VPone
MA
MA
AA
VI
A
PP
VA
VF
-[PMMA-PS-PMA-PMAA]n
-[PMMA-PS-PMA-PMAA]n
-[EGDMA2-STY2-HEMA]2
aPSYN10
aPPA10
sPSTY
aPMMA10
sMMA
aPMA10
aPVP10
aPHEMA
aPPE10
iPMMA
aPAA10
aPVF10
aPVA10
aPA10

ETA+

free energyb (kJ/mol)

best

58.9
39.2
23.0
89.9
−44.1
19.9
76.0
19.9
18.1
−24.9
14.2
17.0
36.4
17.0
−58.2
13.3
7.4
−23.8
15.9
−14.5
−28.9
−29.5
−21.2
−33.3
210.5
−29.2
−4.9
−1.5
−2.4

−5.6
−5.3
−5.3
−5.3
−5.3
−4.9
−4.8
−4.7
−4.6
−3.9
−3.8
−3.7
−3.7
−3.5
−3.4
−3.1
−2.8
−2.7
−2.0
−1.9
−1.9
−1.8
−1.8
−1.7
−1.6
−1.4
−1.2
−1.2
−1.2

−5.4
−5.0
−4.8
−5.0
−4.7
−4.4
−4.5
−4.5
−4.2
−3.4
−3.6
−3.4
−3.5
−3.0
−3.0
−2.7
−2.6
−2.5
−1.8
−1.7
−1.7
−1.6
−1.5
−1.5
−1.4
−1.3
−1.1
−1.1
−1.0

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.3
0.2
0.1
0.2
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.1
0.1
0.1
0.0
0.1
0.0
0.1
0.1
0.0
0.1
0.1
0.0
0.0
0.0

−4.3
−5.2
−5.3
−1.8
−5.3
−4.8
−4.7
−4.5
−4.6
−2.9
−4.1
−3.6
−2.9
−3.5
−2.6
−3.3
−2.8
−2.8
−2.6
−1.8
−1.8
−3.0
−1.7
−1.7
−1.6
−1.7
−1.2
−1.2
−1.1

−4.0
−4.8
−4.9
−1.6
−4.9
−4.2
−4.3
−4.3
−4.2
−2.7
−3.8
−3.4
−2.7
−3.1
−2.3
−2.9
−2.5
−2.6
−2.3
−1.6
−1.6
−2.8
−1.5
−1.6
−1.4
−1.5
−1.1
−1.0
−1.0

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.2
0.2
0.1
0.1
0.3
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.0

188.9
2057.0
−124.1
238.9
121.2
123.5
−86.2
198.1
151.2
74.6
123.4
−260.4
−34.2
50.2
−133.0

−11.7
−10.4
−9.2
−8.6
−7.2
−6.5
−6.3
−6.1
−5.8
−5.6
−5.6
−5.3
−5.1
−4.8
−4.6
−3.9
−2.6

−10.8
−9.6
−8.5
−8.0
−6.6
−6.3
−5.8
−5.7
−5.4
−5.2
−5.3
−5.1
−4.7
−4.4
−4.3
−3.7
−2.4

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.3
0.4
0.3
0.2
0.2
0.1
0.3
0.1
0.2
0.2
0.1
0.1
0.2
0.2
0.2
0.1
0.0

−11.1
−10.0
−9.3
−8.6
−7.2
−6.2
−6.3
−6.0
−5.8
−5.8
−5.2
−5.4
−5.1
−4.7
−4.7
−4.0
−2.8

−9.9
−9.6
−8.6
−7.9
−6.5
−6.1
−5.8
−5.7
−5.5
−5.2
−4.6
−5.1
−4.7
−4.3
−4.3
−3.8
−2.7

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.5
0.2
0.3
0.3
0.3
0.1
0.3
0.1
0.2
0.3
0.2
0.1
0.2
0.2
0.2
0.0
0.0

average

best

average

a

Docking experiments and aﬃnity measurements were performed with AutoDock Vina. bMinimization of all other monomers and ETA was
performed under MMFF94 force ﬁeld after 100,000 minimization iterations. cMIP built and equilibrated at 338 K (CHARMM-GUI, CHARMM36
all atom force ﬁeld) by dynamic simulation in a toluene cubical solvent box of 100 Å side length with a volumic ratio of 87.7% corresponding to the
MIP occupancy compared to NIP using pore diameter information (Table 1). dNIP built and equilibrated at 338 K (CHARMM-GUI) by dynamic
simulation in a toluene cubical solvent box of 100 Å side length with a volumic ratio of 100% corresponding to the NIP occupancy.

composition was placed in a toluene solvent cubical box of
100 Å side length to achieve a volumetric ratio of 87.7 and
100% for, respectively, MIP and NIP, corresponding to the

ETA charge state. Combining styrene and HEMA in a copolymer cross-linked with EGDMA further increased the
docking aﬃnity stability (−9.2 kcal/mol). Finally, the same
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Figure 10. Computer-generated views of the energy-minimized docking of ergotamine (ETA, in green) to various monomers (styrene, HEMA, and
EGDMA; in blue) used in the composition of molecularly imprinted polymers using AutoDock Vina. The highest energy favorable interaction was
measured as the lowest aﬃnity energy reported in kcal/mol.

the ETA+ state, −11.1 and −10.0 kcal/mol. For the monomers
and 10-unit polymer chains, only marginal diﬀerences between
those two states were found.

pore volume diﬀerences reported in Table 1. The aﬃnity was
further denoted for MIP over NIP, at −11.7 and −10.4 kcal/
mol, respectively. A slightly lower aﬃnity overall was seen for
30268
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Figure 11. Computer-generated views of the energy-minimized docking of ergotamine (ETA, in green; ETA+, in blue) to styrene-based
molecularly imprinted (MIP, in red) and non-imprinted (NIP, in gray) polymers structures generated with acrylate and styrene-base monomers
and equilibrated in a toluene solvent cubical box of 100 Å side length at 338 K and further interacted with ETA.

structural complimentary void that allows structural recognition during the rebinding process. Modelization of the bulk
MIP and NIP polymers according to the pore volume and
associated volumetric ratio of MIP over NIP (87.7%) showed
that the ﬁnal MIP polymer, as expected, had larger cavities that
could facilitate the ETA penetration further inside the core
MIP macromolecular structure, whereas ETA tended to be
localized at the periphery with the NIP (Figure 11).

From the computational work performed herein, several
possible interactions between the monomer and the template
were characterized (Figure 10). Interactions involved the
hydrogen bond between the hydrogen atom of hydroxyethylmethacrylate or the ethylene glycol dimethacrylate and
nitrogen or the oxygen atom of the ETA. A π−π−π interaction
between the multiple aromatic rings of ergotamine that could
organize around the benzene ring of styrene monomers was
characterized. Another interaction could result from the
hydrophobic attraction between the polymer and the alkaloids
due to their hydrophobic nature. Finally, the cavities created in
the polymer during the imprinting process could create a

■

DISCUSSION
An important challenge in understanding ergot alkaloid toxicity
is the highly variable individual animal response to exposure.25
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template and polymer during the polymerization process and
consequent highly porous polymers post template removal. A
strong interaction between the template and the monomers is
generally considered favorable to the production of highaﬃnity binding sites within the MIPs. However, this may cause
a ″template bleeding phenomenon″ during MIP utilization.
″Template bleeding″ is a phenomenon of slow release of the
template in small quantities coming from leakage of a
physically entrapped template facilitated by the swelling and
shrinkage of the polymer material, or formation of template
clusters that could be released by the polymeric material.18,43
Generally, for low-molecular-weight templates, highly crosslinked polymers are used to ensure preservation of the imprint
cavity after its removal. Conversely, for a larger template, high
cross-link densities can aﬀect the mass transfer of the template,
aﬀect rebinding kinetics, and lead to slow template removal
and thorough washing setps44,45 or even permanent entrapment in the polymer network.46 Even though advanced
techniques like thermal annealing, microwave-assisted extraction, Soxhlet extraction, and super critical ﬂuid template
desorption43,47 have been used to recover the template from
imprinted polymer, complete removal of template is often not
possible.
In the present study, quantitatively, most template removal
occurred with the use of ﬁve consecutive methanol washes in a
time-dependent fashion. The recovery of the template was
facilitated by high ETA solubility in the organic solvent,
especially a protic organic solvent like methanol. Additionally,
methanol can penetrate the polymer and compete with and
displace noncovalent bonding. In general, noncovalent
interactions are attenuated using mild acidic or basic organic
solvents that facilitate the removal of the template from the
polymerized network. Organic solvents containing acid or base
additives that solubilize the template are used when electrostatic force, hydrophobic interaction, or hydrogen bonding is
involved, especially with biomolecular templates (e.g.,
lysozyme and cytochrome).47,48 Eﬀective template removal
can be achieved for molecules with a low molecular weight
(<1500 Da).45,50−52 Harsher methods are not recommended
as they do not guarantee complete template removal48,53,54 and
may ultimately aﬀect the ﬁnal polymeric network structure,
with loss of aﬃnity and/or speciﬁcity in rebinding.54 In one of
the earlier studies, a total recovery of 67−88% was reported
when co-polymers of methacrylic acid and 2-hydroxyethyl
methacrylate were imprinted with theophylline and extracted
with acidic methanol.55 In the present study, even though ETA
could be deﬁned as a small molecule (581.673 g/mol), the
presence of key functional groups (carbonyl, hydroxyl, amide,
and benzyl) can possibly interact via ionic, hydrophobic, π−π,
and electrostatic interactions, along with hydrogen bonding.
The multiplicity of these interactions, as conﬁrmed through
computational modeling, could explain the slower template
release and also the longer immobilization into the polymer
matrix.
Template bleeding is also controlled by the integrity of the
polymer that is dependent on the composition of functional
monomers and polymerization technique.56 The monomer to
cross-linker ratio of 3:10 (molar basis) was chosen in this study
based on binding selectivity criteria observed for three diﬀerent
ratios of monomer/cross-linker (3:2.5, 3:5, and 3:10) tested in
a preliminary study (data not shown). The highest ratio of
3:10 showed more than 95% adsorption compared to lower
ratios. Similar observations were made in other studies that

This disparity in toxicity could be due to the changing
proportions or distribution of alkaloids, change in alkaloid
concentration, and/or isomerization of alkaloids in the rumen
due to the microbial enzymatic metabolism and the ruminal
physiological conditions.26,27 Therefore, it is very important to
use an adsorbent material that could eﬀectively interact with
alkaloids and oﬀer means to separate those contaminants either
for isolation−concentration−quantiﬁcation purposes or for
attempting to reduce their bioavailability and mitigating their
impact. The success in developing analytical methods for the
extraction and identiﬁcation of trace levels of diﬀerent naturally
occurring alkaloids as well as their digestive metabolites is
intricately linked to better extraction techniques speciﬁcally
suited to ameliorate their isolation from complex matrices such
as the ruminal environment. Therefore, highly specialized and
eﬃcient adsorbents, speciﬁcally molecularly imprinted polymers, working on the basis of molecular recognition principles
have been synthesized and studied.
Optimizing polymer synthesis with an eﬃcient imprinting
process plays a critical role in molecular recognition properties
of MIPs.28 Noncovalent interactions including ionic, hydrophobic, and hydrogen bonding between the template and the
functional monomers29,30 drive the imprinting processes that
later maintain molecular recognition properties when the
template is removed from the then ″imprinted″ polymers.
Synthesis of high-aﬃnity MIPs utilizing noncovalent interactions31,32 between monomers and template has been well
documented by means of free radical polymerization followed
by co-polymerization with a cross-linker33,34 under optimized
pre-polymerization conditions.35,36 Spatial arrangements of
shape selective cavities during the interactions between
complementary functional groups of the template and the
monomers are the driving force behind the binding selectivity
of MIP.37 In the present study, ETA was used as a template
molecule that represents the ergo-peptide family, which has
well-established analytical methods for its quantiﬁcation.38−40
The ergoline structure and side chain tripeptide in ETA
provide diﬀerent functional groups capable of forming
complementary interactions with functional monomers (e.g.,
styrene and HEMA). The ergoline portion of the ETA
molecule includes one basic, tertiary amino group; one
strongly polar heterocyclic, pyrrole ring; one amide group;
and several low-polarity hydrocarbon fragments (e.g., benzene
ring and double bond) that can interact with monomers and
cross-linker. At pH 6.8, which was the condition used for
adsorption kinetic studies, more than half of the ETA
molecules (nearly 70%) are singly charged and may contribute
to interaction with complimentary functional groups in the
MIP, mainly the hydroxyl groups. The hydroxyl group of
HEMA simultaneously functions as a hydrogen donor as well
as a hydrogen acceptor, whereas styrene acts as an electronrich π donor that could be involved in π−π stacking interaction
with the aromatic ring members of the ergot alkaloid, which
was conﬁrmed by means of in silico molecular mechanics
further accounting for π−π−π interaction, and the largest
aﬃnity of interaction among 29 screened monomers.
Studies have shown weak π−π stacking interactions between
aromatic groups involving phenol and ethylbenzene41 and
aromatic rings of biomolecules that are involved in stabilizing
ligands into macromolecules.42 Additionally, the carbonyl and
alcohol groups in ETA enable a range of noncovalent
electrostatic interactions during pre-polymerization that are
conducive to the formation of stable interactions between the
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to the surface of the polymer with a low propensity to
dissociate from that surface and were bound in a single layer to
essentially equivalent sites (homogeneous) on the surface of
the solid.
The important features of Langmuir isotherms are the
adsorption constants KL, RL, and Qo. The KL refers to binding
site aﬃnity, a factor that relates to heat of adsorption.69 The
aﬃnity of adsorption depends on the activity coeﬃcient of
occupied and unoccupied sites on the adsorbents at
equilibrium,70 which relates to the molar concentrations of
adsorbate in the media. A positive KL indicates that the
interactions are spontaneous and energetically favorable,71
which was noticed for both polymers (KL > 0.37) in our study.
In addition, aﬃnity between the sorbent and sorbate is
described only when the adsorption is at equilibrium state.
Polymer geometry, polymer hydration, cross-link density,
template size, and temperature play an important role in the
time needed for large molecular templates to diﬀuse into the
polymer matrix to reach equilibrium.72,73 A substantial part of
the literature investigating rebinding studies conﬁrms an
imprinting eﬀect but lacks convincing data on reaching the
equilibrium state, especially with large molecule templates such
as ETA. Even though some studies have adjusted the
incubation period to account for equilibrium in rebinding
studies,74,75 most researchers have used shorter incubation
periods without reaching equilibrium either to compare
diﬀerent polymers for adsorption properties or to match the
limits of application of the ﬁnished polymer products.76−79
Even though adsorption desorption was noticed up to 14 days
(found while washing MIPs to determine template bleeding),
all our isothermal adsorption studies were conducted for 90
min, beyond which there was minimal change in equilibrium.
The type of interaction and adsorption aﬃnity between the
imprinted polymer and template would vary depending on the
properties of interacting medium.80 Hydrogen bonding greatly
contributes to the aﬃnity of MIPs for low-molecular-weight
compounds especially in organic or aprotic solvents, and these
interactions are generally hampered in aqueous media. In
contrast to the few strong bonds that are responsible for the
selective interaction between small molecular template and
polymer in aprotic organic solvents, multiple weak interactions
between the large molecules and the polymer network are ideal
for the generation of a strong binding in an aqueous
environment.49,81 Electrostatic interactions seem to play a
primary role in recognition if the selectivity is not altered by
varying the water concentration of the binding media.
Conversely, with hydrogen bonding, the interaction between
the polymer and template can be suppressed by increasing the
concentration of the compound that has a higher hydrogen
bonding capacity (e.g., methanol or water) in the binding
media. In addition, it is well known that the diﬀusion kinetics
of large template in a highly cross-linked polymer matrix are a
function of its molecular weight, with slow diﬀusion
coeﬃcients for large molecules.52,82 All our rebinding studies
were conducted in aqueous buﬀer media, thus suggesting that
the interaction between ergolines and polymers may have
occurred predominantly through hydrophobic interactions.
Separation factor RL is another constant that is calculated
from the Langmuir constant (KL). The constant RL is a
dimensionless constant that indicates favorability of adsorption.83 An RL value between 0 and 1 signiﬁes favorable
adsorption, and RL > 1, RL = 1, and RL = 0 indicate
unfavorable, linear, and irreversible adsorption, respec-

aimed at screening diﬀerent ratios of aromatic template and
functional monomers.57 Furthermore, suspension polymerized
imprinted beads using methacrylate and EGDMA as monomer
and cross-linker in a ratio of 1:4, respectively, exhibited
superior binding aﬃnity and selectivity toward ergot alkaloids
when metergoline was used as the template.17 The production
of a copolymer in the present study correlates with our
experimental and predictive evaluations. The use of a copolymer with acrylate and styrene-based material enhanced
further the sorption capabilities of both MIP and NIP
produced. Usually, along with the composition of functional
monomers, the polymerization techniques used for the
synthesis of polymers regulate the structural characteristics of
the end product. The range of particle size distribution is a
function of monomer to polymer conversion, chain length
propagation, and rate of chain length termination during
polymerization as described by the power law.58
The polymers synthesized in the present study were
mesoporous in nature. The increase in volume of N2 adsorbed
with the increase in relative pressure observed in nitrogen
sorption porosimetry could be attributed to the capillary
condensation of nitrogen into pores of the polymer. The
comparatively large BET surface area and pore volume of MIP
were presumably created when the imprinting template
molecule was removed from the polymer. Additionally, with
bulk polymerization, the swelling properties in diﬀerent
solvents may have contributed to the wide range of particle
size distribution from 5 to 90 μm. In deionized water, a slight
aggregation was noticed indicating interparticulate hydrophobic interactions between the polymer molecules yielding a
nondistinct continuous particle size distribution. These
observations were conﬁrmed with the SEM micrograph that
revealed non-uniform particles with irregular morphologies for
MIPs. The surface of NIP was more regular than the surface of
MIP, the latter exhibiting more cavities induced by ETA
imprinting, suggesting changes in its structural organization.
Furthermore, the polymers were amorphous in nature, which is
typical for free radical polymerization with concentrated
solutions of monomers and high levels of cross-linkers. The
amorphous nature of the MIP and NIP synthesized using free
radical polymerizations was also observed in other studies
using X-ray diﬀraction.59,60 Such polymers have been shown to
have numerous non-uniform distributions of binding sites
producing nonlinear binding isotherms61,62 that could be
described using established Langmuir and Freundlich
regressions.
Langmuir adsorption isotherms quantitatively describe
monolayer adsorption between solids and liquids and assume
identical adsorption sites of uniform energies. The model holds
well when there are a ﬁnite number of adsorption sites on the
outer surface of an adsorbent and no transmigration of
adsorbate on the plane of the surface.63−65 On the other hand,
Freundlich isotherms describe surface adsorption on the
adsorbent with multiple layers of adsorption.66
Studies have shown that adsorbents with heterogeneous
binding sites usually show good ﬁt with nonlinear models like
Langmuir and Freundlich.61,67 In the present study, the
Langmuir model provided a better ﬁt than the Freundlich
model, with R2 greater than 0.95. The AICc, a measure
comparing validity within a cohort of nonlinear models and
frequently used for model selection,68 indicated a better ﬁt
with the Langmuir compared to Freundlich model. Thus, the
isotherm study suggested that ergot alkaloid molecules bound
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tively.71,84 The RL value in the present study was between 0.37
and 0.38 for both polymers, indicating that the adsorption
between ETA and polymer was favorable. However, there was
no diﬀerence between the polymer types. In addition, the
Langmuir constant Qo obtained from the Langmuir isotherm
represents the practical limiting adsorption capacity and is
useful in comparing the performance of diﬀerent adsorbents. It
correlates well with speciﬁc surface area,85 and it relates
directly with the amount of adsorbate bound from the solution.
In the present study, higher adsorption capacity for MIP was
observed likely due to large complementary cavities of the
template and larger surface area created by the imprinting
process.
To determine the selectivity and cross-reactivity of
imprinted polymer for various compounds, adsorption
isotherms of MIP vs NIP in the presence of structurally
related alkaloids and other contaminants were evaluated.
Ergotamine has a weak acidic hydroxyl group and an amide
moiety that provide unique functional groups necessary for
speciﬁc interactions with the polymer during imprinting. In
addition, π−π interactions between the tetracyclic ring
structure of ETA and styrene may enhance the interaction
between the template and polymer. In this study, considering
selectivity, both polymers exhibited similar adsorption
coeﬃcients (k) to ETA and BC, with lower aﬃnities toward
ME and LY, and no diﬀerentiation between ergopeptines and
ergolines (ergopeptines: ETA and BC; ergolines: ME and LY).
Similar results were obtained for selectivity to phenolic
compounds, where minimal diﬀerences between MIP and
NIP were noticed when hydrophobic interactions were
involved.86 These suggest that interaction with alkaloids on
the product surface via hydrophobic interaction or π-stacking
was common between the MIP and NIP, thereby yielding
minimal diﬀerence between products.
For evaluation of cross-reactivity, the adsorption properties
of MIP and NIP to diﬀerent mycotoxins with diﬀerent
functional groups (carboxylic acid and amines), pKa’s (acidic,
neutral, and basic), and solubilities were determined. Both
polymers exhibited nonspeciﬁc adsorption to diﬀerent toxins of
variable degrees, and there was no diﬀerence in mean
adsorption between MIP and NIP for any of the mycotoxins.
The group of toxins with low solubility in water and having
basic pKa’s is either neutral or positively charged in the
adsorption medium of pH 6.8. These molecules (ZEA, RocQ,
and STG) are polycyclic, have the possibility of exhibiting
hydrophobic interactions, and showed higher adsorption
(approximately 85%) compared to the second group of toxins
(approximately 30%; DON, FA, and OTA) that are hydrophilic in nature to some extent. The second group of toxins has
low pKa values and exhibited a low degree of interaction with
polymers. The last group of toxins included polycyclic
compounds (aﬂatoxin B1 (AFB1) cyclopiazonic acid (CPA))
that had a slightly lower tendency to dissolve in water. This
group of toxins exhibited an intermediate degree of adsorption
(approximately 50%) to polymers that could be due to
hydrophobic interactions. Even though the polymers showed
cross-reactivity with diﬀerent types of toxins, evaluating the
adsorption eﬃcacy of the polymers in complex media that vary
in pH and temperature and in the presence of interfering
compounds is essential to determine their ultimate applicability.
Most of the contaminated feeds including fescue seeds and
fescue grass or its products like haylage have a pH range
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between 3.5 and 8.0, and the ruminal pH of animals grazing
fescue would generally be between 6.2 and 6.8. Therefore, it is
very important that the adsorption eﬃcacy of the polymers is
maintained in a wide range of pH for application of MIP as an
extraction material or as a feed toxin adsorbent. Additionally,
pH determines the degree of ionization of ETA and dictates its
speciation in the solution. The pKa of the polymer in the
adsorption media and the surface charge that can be inﬂuenced
by the solution pH have been shown to aﬀect its adsorption
properties.87 Under physiological conditions, the pKa of
polymers made from acrylates including polymethylacrylic
acid88 and polyacrylic acid89 was shown to be nearly 5.0 and
4.3, respectively. In a strongly acidic solution with low pHs, the
ETA molecules will be positively charged by the −NH groups’
protonation, while the polymer carboxylic functional groups
(of HEMA and EGDMA) will also be positively charged due
to the protonation of either the carbonyl oxygen or the
hydroxyl oxygen. By increasing the pH, the protonation
degrees of both ETA molecules and the adsorbent carboxylic
groups will signiﬁcantly be reduced, which may give a chance
for proton transfer and interaction via ionic bonding. In the
present study, the adsorption eﬃciency remained similar at pH
ranges between 2 and 10 for both polymers. The lack of eﬀect
of pH on the adsorption is suggestive of non-ionic interactions,
especially hydrophobic interactions being the primary driving
force for the adsorption. Additionally, results indicate that pH
eﬀects would not limit the utility of the polymers as an
extraction material for ergot alkaloids or as an adsorbent in the
feed to reduce the bioavailability of ergot alkaloids.
Concerning the eﬀect of temperature, polymers have an
innate tendency to swell or collapse with a change in
temperature, causing changes in surface properties.90,91
Generally, chemisorption increases by increasing the temperature due to an increase in the rate of a chemical reaction or by
chemically changing the adsorbent and its adsorption sites and
activity. The better adsorption at higher temperatures might
also indicate the endothermic nature of this process. In
addition, if the process is physical adsorption, then the higher
temperature may have negative eﬀects on the adsorption. At
higher temperatures, the favorable intermolecular forces
between adsorbate and adsorbent are much stronger than
those between adsorbate and solvent. As a result, the
temperature increasing causes the adsorbate to be easier to
adsorb. However, our studies indicated no diﬀerence in the
adsorption properties of the polymer between the temperature
range of 36 and 42 °C, indicating no changes in the surfaceactive sites between that range. Other approaches such as
evaluation of binding above and below glass transition
temperatures that aﬀect the morphology of amorphous
solids92,93 could provide evidence for or against the speciﬁc
binding of MIP.
By using ruminal ﬂuid (pH 6.8) as media, a representation of
adsorption eﬃcacy of polymers to ETA in complex media was
evaluated. Rumen ﬂuid is a complex medium that includes feed
residues, microbes, phenolic compounds, organic acids, soluble
proteins, peptides, amino acids, etc.94 The adsorption
eﬃciency of imprinted polymer to its template (ETA) in the
presence of compounds that can interact via hydrophobic and
π-stacking (phenolic compounds) may indicate its selectivity
to the template. Generally, the concentration of ergovaline in
naturally contaminated tall fescue seed and forage ranges
between 300 and 7000 μg/kg of dry matter.95 In the present
study, the calculated mean ETA concentration in the ruminal
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ﬂuid was 3.3 μg/mL, which is one to two orders of magnitude
greater than ergovaline concentrations that would be normally
expected in the rumen ﬂuid of animals grazing endophyteinfected tall fescue pasture. Since both ergovaline and ETA are
ergopeptide alkaloids that have similar ergoline structure and
pharmacodynamic properties,96,97 ETA was used as the
reference alkaloid in the present binding studies. The mean
adsorption of the NIP was almost 10 percentage points lower
than that of MIP, and this phenomenon could be attributed to
better speciﬁcity along with larger surface area available for
adsorption from MIP compared to NIP.
To identify and conﬁrm the nature of the interactions
contributing to its adsorption, the Fourier transform infrared
spectral information for the [MIP + ETA] complex compared
to the MIP polymer was used. The FTIR spectra suggested the
presence of additional ring structures in the MIP backbone
after the adsorption of ETA. These ﬁndings indicate that a
signiﬁcant degree of interaction between the template and the
styrene was governed by π−π stacking. The change in the
intensity at 3400 cm−1 wavenumbers indicates the involvement
of O−H, and/or the N−H stretch in the interaction. In
addition, there was a slight change in the intensity for the ester
CO suggesting an inconsequential eﬀect of the ester in
template recognition. These experimental data conﬁrmed the
identity of the chemical interactions characterized by
molecular mechanics and in silico docking aﬃnity measurement, further highlighting the importance of π−π interactions
due to the multiplicity of benzene rings on ETA and styrene.
Additionally, the changes in the signal intensity of the CH3
stretching frequency (2955 cm−1) can be explained by a
hydrophobic interaction of polymer compounds with neighboring template molecules in the solution. The greater signal
due to the presence of water molecules surrounding the CH3
groups may also indicate the contribution of hydrophobic
eﬀects to the adsorption. Similar ﬁndings on the inﬂuence of
water molecules on the hydrophobic eﬀects have been shown
and theoretically conﬁrmed.98,99
Thus, imprinted polymers have properties conducive to their
use as a sorbent in analytical extraction to evaluate the feed or
the fate of alkaloids during ruminal digestion that could
provide mechanistic clues to the understanding of their
toxicokinetic and associated toxicological implications. The
compositional characteristics of a MIP could also ﬁnd use in
the production of sensors as described by Bai et al. (2020),100
which could be utilized to eﬀectively track the alkaloids in the
digestive tract. Similarly, Ramakers et al. (2019)101 developed
a laser-grafted molecularly imprinted polymer-based sensor for
the detection of histamine to reveal unknown pathological
pathways of inﬂammatory bowel diseases. Such analytical
capability could provide aids for the surveillance of the
presence of toxins such as alkaloids that could be then further
used in precision animal agriculture to develop early stage
exposure and diagnose early onset of ergotism. Applications of
MIPs to sensor technology have been well utilized in diﬀerent
analytical methods according to the transducers that convert
the signals of polymer recognition into physical ones.102
Additionally, several strategies utilizing molecular imprintingbased solid phase extraction prior to chromatographic analysis
for the sample cleanup have been well established.103
Therefore, a molecularly imprinted polymer, with the optimal
binding condition, could represent a useful tool for sample
extraction or puriﬁcation in analytical chromatography and/or
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as a speciﬁc binder to reduce bioavailability in the rumen to
mitigate alkaloid toxicity.

■

CONCLUSIONS
A styrene-based imprinted polymer synthesized with ergotamine as the template was tested for morphological and
adsorption properties. MIP had almost twice the external
surface area and pore volume compared to NIP, conﬁrmed by
the smaller pore size of MIP. The particle size distribution was
trimodal with particles of a mean size of 50 μm. Particle
morphology determined using SEM and TEM suggested a
highly porous nature of MIP. Exposure of polymers to high
electron beam (TEM) for 5 min caused the crystallization of
polymers. The molecules at the border were under motion,
which suggested the presence of amorphous polystyrene chains
that may have allowed chain propagation during the polymer
synthesis, and these surface molecules crystallized under a high
electron beam, indicating the presence of polystyrene chains
on the external surface and cross-linkers at the core. This
phenomenon would provide more ﬂexibility to the polymers
during the adsorption process.
The tetracyclic group of ETA was used as a representative
molecule for structural recognition in the polymer. Results
suggested that functional groups including indole NH,
carbonyl, and hydroxyl groups present on the template
molecule can contribute to the physical interaction with the
polymers via hydrogen bonding, while the resonance property
of styrene ring structures of the polymer and the ring structure
in ETA could contribute to π-stacking interactions. Additionally, an alkylphenolic chain in the polymer provided more
adsorptive surface area and may be responsible for hydrophobic interactions. Langmuir isotherms indicated that both
polymers had favorable adsorption due to similar surface
functional groups that are normally present irrespective of
imprinting. However, MIP had numerically higher adsorption
capacity than NIP, and in addition, MIP exhibited better
adsorption eﬃciency toward ergotamine in rumen ﬂuid
compared to NIP, indicating better selectivity of adsorption
in a complex in situ environment. Additionally, the higher
binding eﬃciency of MIP at low levels of ETA could be due to
cavities created during imprinting and greater surface area.
Ergopeptides exhibited better adsorption parameters compared
to ergoline molecules, indicating the importance of functional
groups on the ergoline ring, including a tripeptide moiety.
Therefore, this imprinted polymer could be useful for sample
puriﬁcation in aﬃnity chromatography, could be utilized in
biosensors for monitoring ergotism in cattle, or could be used
in toxicological studies to determine alkaloid pharmacokinetics or -dynamics.

■

EXPERIMENTAL SECTION
Chemicals. Ethylene glycol dimethacrylate (EGDMA,
≥97%), 2-hydroxyethyl methacrylate (HEMA, >98%),
1,1,3,3-tetramethylguanidine (TMG, >97%), styrene (≥99%),
and 2,2-azobisisobutyronitrile (AIBN, ≥98%) were purchased
from Fluka (Sigma-Aldrich, Milwaukee, WI, USA). 2-Bromoα-ergocryptine methanesulfonate (BC), methylergonovine
maleate (ME), ergotamine D-tartrate (ETA), and lysergol
(LY) were purchased in puriﬁed crystalline form (≥97%) from
Sigma-Aldrich (St. Louis, MO, USA). Solvents used in
polymer synthesis and analytical methods, including methanol
(HPLC grade), acetonitrile (optima grade), and acetic and
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according to the Brunauer−Emmett−Teller (BET) procedure.104 Brieﬂy, a 15.0 mg sample was heat treated (100 °C)
for 3 h under inert gas ﬂow to remove atmospheric
contaminants. The sample was then cooled, degassed under
vacuum (1 × 10−5 Torr), and exposed to increasing nitrogen
gas pressures. Nitrogen gas adsorption/desorption was
measured under cryogenic conditions using an Autosorb-1C
(Quantachrome Instruments, FL, USA) gas sorption analyzer.
The BET surface areas were calculated from the adsorption
isotherms in the relative pressure range from 0.06 to 0.2 psi.
Pore size distribution and total pore volume were determined
using the Barrett−Joyner−Halenda method.105
Microscopy. A ﬁeld emission scanning electron microscope
(TEM, JEOL 2010F, JEOL, Tokyo, Japan) operating at 200 kV
was used to monitor the topography of polymers. As sample
preparation procedure, the polymer (5 mg) was suspended in
methanol (10 mL), sonicated (35 °C for 10 min), dispersed on
a carbon-coated microscopic copper grid (200 μm mesh size),
and dried under vacuum at room temperature. Additional
morphological characteristics were investigated by scanning
electron microscopy (SEM, Hitachi S-4300, Tokyo, Japan).
Polymer samples were spread on carbon tape and sputtered
with gold (Emscope SC400 Quorum technologies Ltd., East
Sussex, UK) before loading onto an aluminum disc. Samples
were exposed to 15 keV beam under an aperture width of 2.80
μm with automatic ﬁlament saturation.
Dynamic Light Scattering (DLS). For the hydrodynamic
diameters of the polymers, samples were suspended in doubledistilled water (0.1 mg/mL) or in 5% aqueous methanol and
sonicated (1 min, 22 °C). Particle size distribution was
measured using continuous wide-angle dynamic light scattering
detection (SALD-7101, Nanoparticle size analyzer, Shimadzu
Scientiﬁc Instruments, Columbia, MD, USA) using a UV laser
as the light source (wavelength 375 nm). The instrument was
set to make 15 measurements between 0.5 and 300 μm under
automatic mode, and diﬀraction data were obtained as the
volume percentage of particle versus the particle size. A
reference spectrum of the solvent under similar conditions was
used to correct for background noise.
Adsorption Studies. Isothermal Adsorption. Isothermal
adsorption studies using polymers and the template were
conducted in equilibration media consisting of 0.1 M
phosphate buﬀer, pH 6.8. One milligram of the polymer was
exposed to increasing concentrations of ETA (Co: 0.00, 0.15,
0.76, 1.52, 7.61, and 15.23 μmol/L) in 10 mL of equilibration
media (V). To achieve 1 mg of the polymer in the adsorption
media, a 1 L polymer slurry at the rate of 1 mg/mL was made
initially and 1 mL aliquot was added to 9 mL of the toxin
solution. Samples were incubated (39 °C, 90 min) on a
horizontal shaker and then centrifuged (14,500g, 10 min) to
separate the free ETA from the ETA−polymer complex
according to the published protocol.17 The supernatants were
analyzed for ETA (Ce, μmol/L) by high-pressure liquid
chromatography equipped with a ﬂuorescence detector (250/
420 nm λem/λex, Alliance, Waters Corp., Milford, MA, USA).
The amount of ETA adsorbed per unit of polymer was
determined by the diﬀerence between control and supernatant
ETA concentrations as deﬁned in eq 1:

formic acids (reagent grade), were purchased from Fisher
Scientiﬁc (Fair Lawn, NJ, USA). The high-purity water used in
all experiments was obtained from a Milli-Q Ultra-pure water
puriﬁcation system (Millipore Corporation, Bedford, MA,
USA).
The fungal mycotoxin standardscyclopiazonic acid
(CPA), aﬂatoxin B1 (AFB1), ochratoxin A (OTA), deoxynivalenol (DON), fusaric acid (FA), zearalenone (ZEA),
roquefortine C (ROQC), and sterigmatocystin (STG)were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Diacetoxyscirpenol (DAS) was purchased from Biopure
(Tulln, Austria). Individual standard stock solutions of
mycotoxins (1 mg/mL) were prepared in methanol and stored
at −20 °C in the dark until use. Working solutions of studied
compounds were prepared from individual stock solutions by
dilution with 0.1 M phosphate buﬀer of pH 6.8. All the
experiments were conducted in silanized tubes to reduce the
interaction of toxins with glass surface.
Synthesis of Polymers. Imprinted polymers were
synthesized by self-assembly bulk polymerization using ETA
as the molecular template, styrene and HEMA as functional
monomers, EGDMA as the cross-linker, AIBN as the free
radical initiator, and toluene as the porogen. Ergotamine
tartrate was neutralized by adding 0.6 g of TMG during
polymer synthesis to generate the free base form of ETA.
Solutions including styrene, HEMA, and EGDMA were
distilled under vacuum prior to use to remove inhibitors.
Ergotamine D-tartrate (0.005 mol) was dissolved in 10 mL of
methanol containing 0.005 mol of TMG in a 250 mL tripleneck borosilicate round-bottom reactor. Monomers including
styrene (0.08 mol) and HEMA (0.04 mol) were added and
mixed for 30 min. After mixing, toluene (75 mL) and the crosslinker (EGDMA: 0.1 mol) were added. Nitrogen was purged
through the solution throughout the entire procedure. The
mixture was heated in an oil bath to 65 °C, and AIBN was
added to initiate polymerization and the formation of the MIP.
The corresponding NIP was synthesized using the same
procedure without the ETA template. The polymerization
reaction was stopped after 5 h, and the polymers were
subjected to a template washing procedure.
To remove the template, polymer mixtures were ﬁltered
through a 0.2 μm ﬁlter (Celite 577TM, World Minerals Inc.,
Santa Barbara, CA, USA) and the ﬁltrate was collected and
analyzed for ETA concentration. Template molecules trapped
in the polymer matrix were washed successively with the
organic solvent (0.2 M HCL in methanol, 100% methanol and
100% acetonitrile) and later stabilized in deionized water. Each
template wash procedure was carried out with 100 mL of the
solvent with vigorous shaking (15 min) and sonication (15
min) followed by centrifugation (7263g for 30 min) and
ﬁltration of supernatant. The removal was considered complete
when the bleeding of ETA was reduced to nondetectable as
conﬁrmed by UPLC−MS/MS analysis of the diﬀerent
consecutive washings. After template removal, the polymers
were freeze-dried (<100 mT, −46 °C for 48 h), oven-dried (60
°C overnight), and weighed. The dried polymer was ground to
a ﬁne powder using a mortar and pestle and sieved using
standard metal sieves (VWR-USA Standard Testing Sieves. IL,
USA) to obtain a <250 μm particle size fraction.
Morphological Characterization of Polymers. Nitrogen Sorption Porosimetry. Polymers were evaluated for pore
size distribution, pore volume, and speciﬁc surface area using
nitrogen adsorption/desorption isotherms at −196.15 °C

qe = (Co − Ce)V /W

(1)

where qe is the amount adsorbed (μmol/mg); V is the volume
(mL); C o and C e are initial and equilibrium ETA
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where Co and Ce are the initial and ﬁnal equilibrium
concentrations of ergot alkaloids (μmol/L), V is the volume
of adsorption medium in liters, and M is the amount of
polymer used in the medium in grams. The selectivity for the
adsorption of ETA in the presence of other alkaloids was
estimated by the selectivity coeﬃcient (k′) using eq 3:

concentrations (μmol/L), respectively; and W is the weight of
the polymer (mg).
The adsorption properties of the polymers were evaluated by
nonlinear regression models including Langmuir and Freundlich (Table 2). Isothermal adsorption parameters from the
Langmuir model including adsorption constant (KL), maximum monolayer adsorption capacity of the adsorbent (Qo),
and adsorption favorability constant (RL), and Freundlich
adsorption parameters including extent of adsorption (Kf) and
surface heterogeneity or adsorption intensity (n) were
determined (GraphPad Prism Software, version 5.0, USA, or
Dataﬁt software, Dataﬁt version 8.1.69, Oakdale Engineering,
Oakdale, PA, USA). The best ﬁts were ascertained using
correlation coeﬃcients and the lowest residual variance. The
model that described the adsorption parameters was selected
based on the lowest absolute sum of squares of residuals or the
probability of ﬁt for one model versus the other that was
determined using the bias-corrected Akaike information
criterion (AICc) for the two models (GraphPad Software
Inc., La Jolla, CA, USA).
Selectivity. To evaluate the selectivity of MIP for ETA, a
study was conducted in 0.01 M ammonium citrate buﬀer at pH
6.7 containing structurally related alkaloids (Figure 12). A

k′=

k″=

(3)

k′imprinted
k′non − imprinted

(4)

Cross-Reactivity. The cross-reactivity of the polymers with
other structurally diverse contaminants such as mycotoxins was
evaluated. A working solution was prepared with increasing
concentrations of diﬀerent selected toxinsCPA, AFB1, OTA,
DON, FA, DAS, ZEA, RoqC, and STGfrom individual stock
solutions (1 g/L in methanol) in 0.01 M ammonium citrate
buﬀer at pH 6.7. A 9 mL working solution for each tested
concentration was individually mixed with 1 mL of an
adsorbent slurry (1 g/L) in triplicate. The initial mycotoxin
range was chosen based on natural levels of contamination106,107 and matching detectable and quantiﬁable concentrations assuming 95% adsorption. The tested mycotoxin range
included ETA at 0.0625 to 1.5 mg/L; CPA at 12.5 to 300 μg/
L; AFB1 and OTA at 7 to 150 μg/L; DON and FA at 42 to
978 μg/L; DAS and ZEA at 14 to 334 μg/L; RoqC at 4 to 100
μg/L; and STG at 11 to 250 μg/L. Along with the samples,
three controls were prepared: the buﬀer solution (blank
control) containing no toxin and no adsorbent; a toxin
working solution for each tested concentration (toxin control);
and a sample containing only the adsorbent in the buﬀer
(sample control). Samples and controls were capped and
incubated (39 °C, 90 min) with shaking (150 rpm). After
incubation, the samples were centrifuged (14,500g, 10 min) to
separate the polymer−toxin complex from the free toxin. The
supernatant was analyzed for all toxin concentrations using
UPLC−MS/MS. The amount of mycotoxin adsorbed was
determined by the diﬀerence in concentration between the
toxin control and the test sample with the same initial loadings.
Eﬀect of pH and Temperature. To determine the eﬀect of
pH, an adsorption study was conducted in 0.1 M potassium
phosphate buﬀer (pH 2, 3, 4, 5, 6, 7, 8, 9, and 10) using a
single ETA concentration of 1 mg/L and a polymer
concentration of 0.1 mg/mL. The polymer level of 0.1 mg/
mL was achieved as described in the isothermal adsorption
study. The samples were incubated for 90 min at 39 °C on a
horizontal shaker (150 rpm). After the reaction, samples were
centrifuged (14,500g, 10 min) to separate the adsorbent−toxin
complex from the free toxin. The supernatant was analyzed for
free ETA by UPLC−MS/MS, and the adsorption was
calculated by taking the diﬀerence between the toxin controls
and the test samples.
The eﬀect of temperature was determined by adsorption
studies performed at 36, 39, and 42 °C. The polymer (0.1 mg/
mL prepared as described in the previous paragraph) was
exposed to 1 mg/L ETA in 10 mL 0.1 M potassium phosphate
buﬀer (pH 6.8) at each temperature for 90 min on a horizontal

mixture of four diﬀerent ergot alkaloids (15 μg/mL)
corresponding to diﬀerent molar concentrations of each
toxin (ETA: 11.42, BC: 19.98, ME: 32.93, and LY: 58.97
μmol/L) was prepared in 10 mL buﬀer and serially diluted
(5×) by a factor of 2 to obtain six levels of alkaloid mixture.
Also, a control solution was prepared without alkaloids.
Polymers (0.1 mg/mL) were added to increasing concentrations of alkaloid mixtures and incubated for 90 min at 39
°C. The samples were centrifuged (14,500g, 10 min), and the
supernatant was analyzed for alkaloids using ultra-pressure
liquid chromatography coupled to tandem mass spectrometry
(UPLC−MS/MS). The selectivity of each alkaloid was
evaluated using the adsorption coeﬃcient (k) for each alkaloid
calculated using eq 2:
[C o − C e]
×V
M

k(ETA)
k(alkaloids)

where alkaloids tested were BC, ME, and LY. The eﬀect of
imprinting on selectivity (k″) was determined by the ratio of
selectivity coeﬃcients of imprinted to non-imprinted polymer
within each alkaloid using eq 4:

Figure 12. Molecular structures of diﬀerent ergot alkaloids used in the
selectivity experiment.

k=
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(2)
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CHARMM-GUI eﬀective simulation input generator.110,111
Construction of a polymer in a toluene solvent cubical box of
100 Å side length was performed using CHARMM-GUI and
enabled the generation of several input ﬁles for further docking
experiments. Pore diameter diﬀerences between MIP and NIP
from BET measurements were considered for the volumetric
proportions of chains present in the box. Molecular docking
was performed using AutoDock Vina (v1.5.6, The Scripps
Research Institute, La Jolla, CA, USA)112 between the ligand
(ETA) and the receptor (monomer or polymeric material) for
the monomers and cross-linkers used in the study herein as
well as an array of monomeric materials. With four rotatable
bounds, the ﬂexibility of the ETA molecule was preserved
during the experiment. A grid box was set up with a 60.0 Å
spacing along the x, y, and z axes, centered on the receptor
(monomer) molecule. Mol ﬁles were sequentially converted
into pdb and pdbqt extension ﬁles. The docking experiment
was run under C++ generic programming in a Microsoft
Windows (10 Pro, 1809, Microsoft Corporation, Redmond,
WA, USA) environment and resulted in nine binding modes
with a maximum energy range of 3 kcal/mol, producing an
aﬃnity measurement (kcal/mol) and distances from the best
modes (RMSD).
PyMOL (The PyMOL Molecular Graphics System, v2.2.3
Schrödinger, LLC, New York, NY, USA) was utilized for
visualization of the 3D molecular structures for all stages of
molecular mechanics simulations and initial tridimensional
optimization under the Merck Molecular Force Field
(MMFF94). The Chemicalize Chemoinformatic platform
was used to evaluate the chemical properties of ETA and
tested monomers (ChemAxon, Cambridge, MA, USA, http://
www.chemaxon.com).
Analytical Method. Alkaloids and mycotoxins were
analyzed using a UPLC−MS/MS system (Acquity Xevo
TQD, Waters Corp., Milford, MA, USA) ﬁtted with an
electrospray ionization source operated in positive ion mode
(ESI+). Analyses were performed by means of a multi-reaction
monitoring experiment (MRM) targeting analytes’ parent and
daughter ions within their speciﬁc retention window.
Chromatographic separations were performed using 1.7 μm
ethylene-bridged C18 hybrid (BEH) particle columns (2.1 ×
100 mm, Waters Corp, Milford, MA, USA) maintained at 40
°C. A two-solvent gradient mobile phase composed of water
(eluent A) and methanol (eluent B), both acidiﬁed with 0.1%
formic acid, was used at a ﬂow rate of 0.42 mL/min. A volume
of 10 μL of each sample was injected into the system using an
autosampler. The elution gradient started at 5% B for the ﬁrst 2
min followed by a linear increase to 10% B for 2 min and then
to 75% B for the next 8 min, then ramped to 99% B in 2 min
and brought back to 5% in 2 min, and ﬁnally re-equilibrated for
2 min with 5% B. Nitrogen (Nitroﬂow, Parker-Balston,
Haverhill, MA, USA) was used as desolvation and cone
gas.113 Data integration and analysis were performed using
MassLynx and QuantLynx data systems (Waters Corp.,
Milford, MA, USA).
A series 2695 Alliance HPLC separation module (Waters,
Milford, MA, USA) equipped with a quaternary pump, an
autosampler, and a 474-scanning ﬂuorescence detector (λex
250 nm, λem 420 nm, gain 16, and attenuation 1000) was used
to detect ergot alkaloids. Chromatographic data were
integrated using the Waters Empower 3 software 7.00.00.99
(Waters, Milford, MA, USA). HPLC separations were
performed with a 100 × 4.6 mm i.d., 2.6 μm particle size,

shaker (150 rpm). After the reaction, samples were centrifuged
(14,500g, 10 min) to separate the adsorbent−toxin complex
from the free toxin. The supernatant was analyzed for free ETA
by HPLC-FLD, and adsorption was calculated by the
diﬀerence between toxin controls and tested samples with
the measured ETA remaining in the supernatant.
Adsorption in the Rumen Fluid Solution. The adsorption
eﬃciency of diﬀerent levels of MIP to ETA in comparison to
NIP in rumen ﬂuid was determined to evaluate the eﬀect of a
complex matrix on adsorption. Ruminal ﬂuid was collected
from ﬁstulated steers grazing on endophyte-free fescue pasture.
The animals were gathered from the pasture 2 h before
collection of rumen ﬂuid. Approximately 1.5 to 2 L of ruminal
ﬂuid was collected and ﬁltered through four layers of
cheesecloth into a warm (39 °C) 1 L thermos ﬂask. Ruminal
ﬂuid was then autoclaved (121 °C, 30 min, 15 psi) and
centrifuged (7263g, 30 min) to remove the sediments. For the
adsorption studies, 500 mL of rumen ﬂuid was diluted with
500 mL of McDougall’s buﬀer.108
A known and representative concentration of ETA (3.3 mg/
L) was subjected to increasing concentrations of the polymer
(0.001, 0.01, 0.1, 1, and 2 mg/mL) in 100 mL of rumen ﬂuid.
Increasing concentrations of the polymer in ruminal ﬂuid were
prepared using a slurry technique, where a stock solution of the
polymer (20 g/L rumen ﬂuid) was prepared and diluted in
rumen ﬂuid to the required concentration. The stock slurry
solution was continuously agitated while dilutions where
prepared to prevent sedimentation. The rumen ﬂuid samples
were then spiked with 0.33 μL of the ETA stock solution (1
mg/L) to obtain a ﬁnal concentration of 3.3 mg/L. The
samples were incubated for 90 min under agitation (150 rpm,
39 °C) followed by centrifugation (14,500g, 10 min) to
recover supernatants that were then analyzed for ETA
concentration by HPLC-FLD.
Fourier Transform Infrared Analysis. A Fourier transform infrared spectrometer (FTIR, Spectrum 100, PerkinElmer, Shelton, CT, USA) was used to analyze polymers and
polymer−template complexes to determine the functional
groups involved in interactions according to procedures
described for polymer interactions.109 The spectrometer was
equipped with an overhead ATR diamond crystal that was
cleaned with alcohol between measurements. A 10 mg sample
was placed on the diamond crystal, and absorbance was
recorded in the frequency range of 4000 to 600 cm−1 for
qualitative examination of the vibrational frequencies of
functional groups such as C−C, C−H, CC, O−H, and
N−H. For each freeze-dried sample, 10 scans with resolution
of 2 cm−1 with automatic baseline correction were performed.
Molecular Mechanics and Dynamics Simulation.
Molecular mechanics simulations were carried out to measure
and characterize docking and molecular interactions that occur
between the functional monomer and ETA. The ETA threedimensional structure was downloaded from the Chemspider
compound repository under the permalink record 7930 (Royal
Society of Chemistry, Burlington, VT, USA, CSID: 7930,
http://www.chemspider.com/Chemical-Structure.7930.html).
Styrene, HEMA, and EGDMA monomers and cross-linker
were also assessed from the ChemSpider compound repository
under their respective permalink records 7220, 12791, and
7077. A selection of monomer candidates that have generally
been used for MIP/NIP production24 was selected for
comparison purposes. Construction of short polymeric chains
(10 monomeric units) was also carried out using the
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Kinetex C18 column (Phenomenex, Torrance, CA, USA) with
a gradient elution consisting of two mobile phases, (A) water
and (B) acetonitrile, both spiked with ammonium hydroxide
(0.04%). Initial gradient conditions were 100% A held for 1
min, increased linearly to 100% B over 12 min, and held for 3
min. The ﬁnal step was a linear return to initial conditions over
3 min, which was then held for 2 min for a total run time of 23
min. The sample injection volume was 50 μL. Samples were
evaporated to near dryness, and the residue was reconstituted
in methanol/water (50/50) and analyzed.114
Statistical Analysis. Results of the in vitro adsorption
studies were analyzed with the GLM procedure (SAS Institute
Inc., Cary, NC, USA). Triplicate samples were averaged for
statistical analysis. The model included the concentration of
analyte, type of analyte, adsorbent concentration, and
interaction of analyte concentration × type of analyte. Least
square means were calculated for the analyte concentration,
type of analyte, and analyte concentration × type of analyte
interaction. The adsorption models were compared using the
Akaike information criterion (AIC) for the best ﬁt model115
using GraphPad (GraphPad Prism Software, version 5.0, La
Jolla, CA, USA).83
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